One contribution of 7 to a theme issue 'The artificial cell: biology-inspired compartmentalization of chemical function'. Liquid-liquid phase separation (LLPS) in biology is a recently appreciated means of intracellular compartmentalization. Because the mechanisms driving phase separations are grounded in physical interactions, they can be recreated within less complex systems consisting of only a few simple components, to serve as artificial microcompartments. Within these simple systems, the effect of compartmentalization and microenvironments upon biological reactions and processes can be studied. This review will explore several approaches to incorporating LLPS as artificial cytoplasms and in artificial cells, including both segregative and associative phase separation.
Introduction
Construction of artificial or synthetic cells can lead to advances in understanding cell biology and in other fields such as biotechnology, medicine or materials science where inspiration from biology can be applied in new ways [1] [2] [3] [4] [5] . For the purposes of this review, we will use the terms 'artificial' and 'synthetic' interchangeably and consider only artificial cells produced from the bottomup, by combining biological or non-biological components to produce microscale assemblies that are meant to serve as mimics of one or more aspects of biological cells (e.g. the presence of a semipermeable membrane, and/or the ability to perform a simple reaction). As artificial cells are developed, it is important to bear in mind that the interior of living cells is not uniform, but rather contains many distinct regions and compartments with different composition and physical properties, which can be reflected within the cellular mimics [6] . These range from membrane-bound organelles such as the nucleus and mitochondria to membraneless organelles like the nucleolus. Broadly, organelles serve important functions such as localization, isolation and creation of localized physical microenvironments within the cell interior [6, 7] . Many cellular processes rely on these aspects of organelles to house and protect essential components of the cell. For example, in eukaryotic cells, transcription and translation are spatially segregated into the nucleus and cytoplasm, respectively [8] . Within the nucleus, ribosome biogenesis involves three distinct regions of the nucleolus, which is a membraneless organelle [9, 10] . In the light of the importance of subcellular organelles in living cells, there has been growing interest in how similar compartmentalization can be achieved in artificial cells.
Membrane-bound and membraneless organelles are both important in cellular compartmentalization and consequently of interest for inclusion within artificial cells. Membrane-bound organelles are surrounded by proteolipid membranes, which separate their interiors from the cytoplasm and control permeability by passive and active transport [7] . Encapsulating smaller lipid vesicles within a larger vesicle provides a simple model for these organelles and has been achieved by several methods [11] . For example, dye-loaded small unilamellar vesicles (SUVs) have been encapsulated during formation of large unilamellar vesicles (LUVs), after which the dye could be released by heating to selectively disrupt the membranes of the SUVs [12] . With recent progress in microfluidics, larger liposomal compartments have been encapsulated within giant lipid vesicles to form 'vesosomes' with controlled size and number of interior vesicles [13] .
Membraneless organelles include stable, stoichiometric complexes such as the ribosome and the carboxysomes of bacteria [14, 15] . Artificial carboxysomes and related structures have been produced as a means of encapsulating multiple copies of enzymes, including sequential enzymes as model pathways [16] [17] [18] . Finally, a new class of membraneless organelles has only recently been recognized to form by intracellular liquid-liquid phase separation (LLPS) [19] [20] [21] [22] [23] . These 'liquid organelles' include the cytoplasmic P granules (figure 1a) [24, 27] , as well as the nucleolus (figure 1b) [25, 26] and nuclear Cajal bodies (figure 1c) [26, 28] among others [20] . These behave as liquid-like droplets and demonstrate the ability to merge, split and flow with applied force [27] . A specific example of this is the nucleoli of Xenopus laevis oocytes [25] . Brangwynne et al. observed these membraneless organelles fusing and separating from neighbouring nucleoli, as seen in figure 1b. Membraneless organelles that form by LLPS in living cells contain proteins and RNA [22, 29] . Notably, many of the key protein components have intrinsically disordered regions that are important for organelle formation and for phase separation in vitro [30, 31] . These organelles, many of which are involved in RNA processing, are dynamic. Their molecular components are able to exchange with the surrounding cytoplasm or nucleoplasm and they can form and dissociate in response to stimuli and/ or during the cell cycle. Reversible formation/dissociation and facile exchange of components with the external fluid are useful characteristics for reactive microcompartments and it is thought that intracellular functions can be turned on and off based on reversible localization within membraneless organelles formed by LLPS. For example, sequestration of mRNAs within stress granules halts their translation [32] and assembly of purinosomes, which contain a set of sequential enzymes necessary for de novo purine biosynthesis, is induced by metabolic requirement for purines [33, 34] .
LLPS is a common phenomenon in aqueous macromolecule solutions and can be achieved using a wide variety of biological or non-biological polymers. It is therefore relatively straightforward to produce synthetic or artificial versions of these intracellular compartments, which can then be used to explore the consequences of compartmentalization of molecules and reactions. The incorporation of these structures into experimental model systems for cells or cell-like environments is the focus of this review. We will consider four classes of model system that each contain coexisting aqueous phases of distinct composition: (i) 'bulk' systems in which droplets of one aqueous phase are dispersed within another continuous aqueous phase (figure 2a); (ii) phase-separated water-in-oil (w/o) emulsion droplets stabilized by surfactants (figure 2b); (iii) lipid vesicle-encapsulated biphasic systems (figure 2c); (iv) Pickering-style emulsions, where lipid vesicles are used to stabilize droplet interfaces against coalescence (figure 2d).
Phase separation in polymer solutions
LLPS is a common physical phenomenon in aqueous polymer solutions. One or more of the resulting phases provides macromolecular crowding due to high concentrations of macromolecules [35, 36] . In this way, phase-separated microcompartments are similar to the crowded interior of living cells, which contain high total macromolecule concentrations (e.g. 300-400 mg ml 21 for Escherichia coli) [36] [37] [38] .
The resulting physical (i.e. excluded volume) and chemical (i.e. preferential interactions) effects can have complex impacts on cellular processes, including influencing reaction rates [39, 40] and stabilization of nucleotide secondary structure [41] . As they are able to capture both the crowding and the heterogeneity of intracellular fluids such as the cytoplasm and the nucleoplasm, phase-separated solutions can be useful as models for membraneless organelles. These factors, combined with preferential partitioning of reagents, yield opportunities for exploration of the effects of phase coexistence upon biological reactions and processes [42, 43] . We will consider coexisting aqueous phase systems as falling into two broad categories: segregative and associative phase separation, depending on whether the macromolecules are present within separate phases or a single, macromolecularrich phase, respectively (figure 3a,c) [42, 43, 46] . In both cases, this process only takes place under appropriate conditions (e.g. concentration, temperature, pH, etc.), resulting in two separate regions containing unique polymer compositions [42, 43, 47] . These phases are chemically distinct from one another and provide differing solution environments.
Segregative phase separation
Segregative phase separation, typically of two neutral polymers or a polymer and a salt, has been used in bioseparations for decades. The components of this system form two regions, each enriched in one of the components (figure 3a depicts segregative solution made using two polymers). Although the phenomenon of phase separation had been explored previously, its most well-known applications in relation to biological systems began in 1955, when Albertsson added polyethylene glycol (PEG) to a solution of chloroplast particles and observed the partitioning of the chloroplasts to a distinct phase [47] . This became a crucial part of the long history of using neutral polymer phase separation as a means of gentle extraction of cellular components [43] . In recent decades, this extensive study of polymer phase separation has led to a deeper understanding of its useful phase behaviour and partitioning characteristics, especially with regard to biomolecules [42, 43, [48] [49] [50] . These aspects of phase-separated solutions (such as biocompatibility and biomolecule partitioning) have led to their use as a valuable tool in the design and exploration of artificial cells intended to host biological reactions without adverse effects.
In the classical example of an aqueous two-phase system (ATPS), the polymers used are dextran (a polyglucose) and PEG [51, 52] . Above critical concentrations, a solution of these two polymers phase separates into a dextran-rich and PEG-rich phase (figure 3b). At certain PEG/dextran molecular weights and concentrations, this system is temperaturesensitive, such that phase separation can be induced, for example, by cooling [43, 44] . This temperature dependence is shown in figure 3b via the shift of binodal towards lower concentrations of PEG and dextran at lower temperatures [44] . The partitioning preferences of many biological solutes have been reported for many PEG/dextran systems under a variety of conditions [43, 53] ; this information can serve as a guide for designing artificial membraneless organelles based on phase coexistence. For example, in general, more hydrophobic solutes such as denatured proteins preferentially accumulate in the PEG-rich phase, whereas more hydrophilic components such as nucleic acids or globular proteins partition into the dextran-rich phase [54, 55] . Additionally, biomolecule size is important, as it determines the surface area of interaction with the phase. Larger solutes generally partition more effectively in ATPS; for example, both protein-coated gold nanospheres and RNAs exhibit strongly size-dependent partitioning into the dextran-rich phase of PEG 8 kDa/dextran 10 kDa systems [56, 57] .
Segregative two-phase systems are also routinely produced using a polymer (such as PEG) and a salt (e.g. citrate, phosphate or sulfate) [42, 58] . Here, a hydrophilic salt interacts with the water molecules, leading to a rise in the preferential interactions between polymer molecules. This causes the formation of a polymer-rich phase and a salt-rich phase, similar to the two-polymer system described above. However, the use of different salts in the formation of a polymer-salt solution affects its biomolecule partitioning, causing the selection of salt to be dependent on the intended application [59, 60] . Owing to these partitioning characteristics and the low cost of salt compared to polymers such as dextran, these solutions have been used extensively in the extraction of biological materials [61] [62] [63] .
Associative phase separation
The other major method of forming phase-separated systems within artificial cells involves the use of associative phase separation, in which a dense polymer-rich phase (termed a coacervate), and a dilute ( polymer-poor) supernatant phase are formed (figure 3c). When oppositely charged polyelectrolytes undergo associative phase separation due to ion-pairing interactions, the process is called complex coacervation [64, 65] and has been of particular interest in artificial model systems for membraneless organelles [66 -68] . Early examples of complex coacervation started with biologically derived polyelectrolytes, such as a gelatin and gum arabic [69, 70] . Here, gelatin (a mixture of proteins) serves as a polycation, while gum arabic (a polysaccharide) functions as the rsfs.royalsocietypublishing.org Interface Focus 8: 20180032
polyanion [70] . Biologically derived molecules are still often used to model coacervates, such as the RNA polyuridylic acid ( polyU, a polyanion) and the cationic polyamine spermine [67, 71, 72] . In addition, synthetic polyelectrolytes have also been used. For example, the polyanion polyacrylic acid (PAA) and the polycation polyallylamine hydrochloride (PAH) have been well studied for their coacervation properties [73, 74] . Factors influencing the formation and properties of complex coacervates include ion pairing strength, multi-valency, polymer charge density and conformational flexibility, as well as solution ionic strength. Additionally, the ratio of cationic to anionic groups is important, with charge-balanced ratios generally preferred [75, 76] . These factors have been explored in both experimental systems and in simulations [45, 77] . For example, as seen in figure 3d, simulations predict that as charge periodicity increases, coacervates become more salt-resistant as shown by the size increase in the two-phase region of the phase diagram. If weak polyelectrolytes such as polycarboxylates or polyamines are used, the pH of the system should be tuned such that both polyelectrolyte species are charged [78] . Varying pH can then be used to control formation and dissolution of coacervates [79] . Similarly, the ionic strength of the solution must be considered, as high salt concentration screens the charges between polyelectrolytes, inhibiting the coacervation process or causing dissolution of existing coacervates [73] . The nature of the interaction between salts and polyelectrolytes in the context of complex coacervates is actively being explored [80, 81] .
Phase separation is often temperature-sensitive, with systems demonstrating upper critical solution temperatures (UCST), lower critical solution temperatures (LCST) or both, depending on the specific composition [42] . For instance, Quiroz & Chilkoti [82] were able to tune the UCST/LCST behaviour of elastin-like polypeptides by controlling the amino acid repeat sequence and polymer length. Generally, repeat sequences containing more non-polar residues (such as valine) demonstrated LCST behaviour, while those having zwitterionic sequences (such as pairing arginine and aspartic acid) led to UCST behaviour. This could be reinforced by increasing the polymer length (via repeats of the sequence in question), with additional repeats leading to decreased LCST and increased UCST for respective systems.
These sensitivities to solution conditions and polymer composition also provide a method by which the formation and dissolution of the associative phases can be controlled. For example, the addition of salt to a system with complex coacervates can cause the coacervates to dissolve, releasing the polyelectrolytes and partitioned solutes. Similarly, by adjusting the solution temperature either above a UCST or below an LCST (depending on the specific system), the coacervates can be reversibly dissolved. Changing the temperature back into the two-phase region of the phase diagram will lead to reformation of the coacervates.
Associative phase-separated systems with dilute continuous phases can serve as models of prebiotic compartmentalization for the concentration of dilute oligomers. Prebiotic organic oligomers and polymers generated by reactions on the early earth, and especially those having functional capabilities such as catalysis or selective binding, are expected to have been dilute [83 -85] . However, the rise of biological reactions necessitates the close proximity of such molecules. Complex coacervation has been proposed as a method to address this. In this theory, dilute rsfs.royalsocietypublishing.org Interface Focus 8: 20180032 polyelectrolytes of opposite charge would slowly accumulate into coacervate droplets over time, creating a separate phase with locally high concentration where biological reactions may take place [66, 86, 87] . Artificial cells mimicking such environments are of interest.
Bulk two-phase systems and water-in-water droplets
Bulk ATPS and coacervate systems have been used as models for biological microcompartments. These systems are often studied as dispersed droplets formed by mechanical agitation of pre-existing phase-separated systems (e.g. vortexing a PEG/dextran ATPS) or by examining systems subsequent to inducing phase separation and prior to coalescence (figure 4a) [90] . Droplets in these systems will eventually coalesce and form macroscopic phases; this process can be aided by centrifugation or resisted by continued agitation of the sample to preserve dispersed droplets. The rate of coalescence, which depends on specific properties of the solution (including surface tension, phase volumes and viscosities), can vary from minutes to hours in different systems.
Well-controlled droplets of one phase of a phaseseparated system may be dispersed within the second phase by microfluidics. Microfluidic devices used for this include polydimethylsiloxane (PDMS)-based devices and glass capillary devices [91, 92] . Briefly, PDMS-based devices are produced via soft lithography, using PDMS poured over features corresponding to the desired channel dimensions and shape. The PDMS is removed and sealed against a glass surface, resulting in channels that may be used for fluid flow. Glass capillary devises consist of multiple small-radii glass capillaries nested within one another. By controlling the direction and force of flow, droplets may be produced. We refer the interested reader to several comprehensive overviews published on the subject of microfluidic droplet generation, both in general [91,93 -95] and focused on phase-separated solutions and aqueous-aqueous systems [96 -98] .
Partitioning and reactions in bulk two-phase systems
Bulk phase-separated media can serve as a model system for quantitative studies of solute partitioning and its impact on reaction rates and locations. Compartmentalization in the droplet phase of a two-phase system can increase reaction rates by increasing local concentrations. For example, Strulson et al. [57] demonstrated rate enhancements for a two-piece ribozyme cleavage reaction in a PEG/dextran ATPS under subsaturating k cat /K M single-turnover conditions, where enzyme concentration is rate-limiting, but not under k cat conditions, where the reaction is insensitive to enzyme concentration. These experiments benefited from strong partitioning of the ribozyme into the dextran-rich droplet phase, with a 3000-fold higher concentration in this phase. By varying the relative volumes of the PEG-rich to dextranrich phases, while holding constant the total ribozyme concentration, total solution volume and crowding conditions, it was possible to observe the effect of local concentration (figure 4b) [57] . Cacace & Keating [99] used a similar approach to restrict calcium carbonate precipitation to the dextran-rich phase of bulk PEG/dextran ATPS by maintaining a locally higher concentration of the enzyme urease within the dextran-rich phase, such that the mineralization precursor, carbonate, was produced only in this phase. It should be noted that substantial media effects due to the presence of polymeric solutes are generally observed in these systems, such that reaction kinetics in the two phases differ from each other and from reactions in buffer alone. It is generally not possible to predict these media effects and hence quantitative understanding of how compartmentalization impacts rates in multi-phase systems requires separate experimental determinations of reaction kinetics in each phase (done by separating the two phases), as well as local concentrations of all reaction components (enzymes, substrates, products) [88, 100] . For example, the ribozyme reaction mentioned above had a higher rate when performed in the PEG-rich phase than in dextran-rich phase or buffer alone, but nonetheless did not occur in the PEG-rich phase when within the ATPS due to its accumulation in the dextran-rich phase [57] . It should not be assumed that reaction rates will increase in a compartmentalized medium. The partitioning of substrates, intermediates, and products, as well as the kinetic performance of each reaction in each phase of the system will influence results. These effects have been explored through experiments and simulations for pairs of sequential enzymes in PEG/dextran and PEG/citrate biphasic systems. By experimentally determining the partitioning of all components and the kinetics for reactions run under the same conditions in each phase alone, it was possible to develop a mathematical model that could predict the concentrations of all species over time in the biphasic systems [88, 100] . However, neither case showed strong enhancement of overall reaction kinetics despite co-localization of the sequential enzymes. In the case of purine biosynthetic enzymes corresponding to steps 8 and 9/10 of the de novo purine biosynthetic pathway, simulations indicated that more complete partitioning of the enzymes into the droplet phase was needed for increased overall rates [100] . For glucose oxidase and horseradish peroxidase in a PEG/citrate system, preferential accumulation of the amplex red substrate in the PEG-rich phase while the enzymes were co-localized in the citrate-rich phase resulted in interfacial reaction (figure 4c) [88] . This system also showed very poor HRP activity in PEG-rich phase, which can be understood in terms of weak binding between the substrate and the PEG, which is present in high concentrations and effectively sequesters substrate away from the enzyme even in PEG-rich solutions where no phase separation is present [101] .
For coacervate systems, where the interior and exterior media are generally even more different in composition and physical properties than in the segregative phase system examples above, the locally high viscosities and high concentrations of potential binding sites (e.g. ion pairing or H-bonding with coacervate polymeric components) can be expected to impact folding and activity of biomolecular solutes. These effects can be expected to depend strongly on the coacervate composition and biomolecule identity. This is an area of current study in the coacervate community, and several interesting examples have already appeared. Nott et al. [102] observed helicase activity for protein-based coacervate droplets, in which nucleic acid length and single-versus rsfs.royalsocietypublishing.org Interface Focus 8: 20180032 double-strandedness was found to be important for partitioning. Sequences that were short or single-stranded were accumulated into the droplets while those with longer persistence length (longer double-stranded sequences) were excluded. The authors ascribe this to a mesh-like coacervate interior that could accommodate only those sequences that were small or flexible enough to pass the mesh [102] . By contrast, Frankel et al. [103] saw no dependence on RNA length or sequence for partitioning into PAH/adenosine triphosphate (ATP) coacervates. Here, the mechanism of RNA accumulation appears to be exchange of the ATP coacervate components for the RNA, which has much greater multivalency. As all the RNAs could displace ATP effectively, no sequence or structure dependence was observed. Additionally, the partitioning was extremely strong in these systems, with approximately 100 000-fold greater RNA concentrations inside the coacervates than in the dilute phase. Martin et al. [89] recently reported that proteins show folding-dependent partitioning in poly(diallyldimethylammonium)/poly(acrylate) coacervates. In their folded, globular conformations bovine serum albumin (BSA), carbonic anhydrase and a-chymotrypsin all accumulate within the coacervates. Upon urea-induced unfolding, these proteins are released from the droplets, as seen in figure 4d [89] . The presence of coacervate droplets and the nature of their surface charge was found to play a role in the stepwise renaturation of these proteins [89] .
Despite the complexity of these systems, several examples of their ability to support biologically important enzymatic reactions have appeared, including in vitro gene expression [104] , and activity for the three-enzyme minimal form of actinorhodin polyketide synthase [105] . Additionally, enzymatic reactions have been used to control the formation and dissolution of complex coacervate droplets by changing the phosphorylation state of component molecules in order to change their ability to ion-pair [106, 107] . Such approaches demonstrate a simple mechanism by which post-translational modification of proteins can be used to regulate compartmentalization in vivo; phosphorylation state is known to be important in formation of several membraneless organelles [10, 108] .
Microfluidic droplet generation in all-aqueous systems
Additional control over the production of these phaseseparated droplets is desired in order to thoroughly explore the effect of their physical characteristics. This has been accomplished through the use of microfluidics to produce homogeneous, phase-separated droplets [97, 98, 109] . However, for segregative phase-separated solutions, fluid flow alone is not sufficient to cause separation of the dispersed phase into individual droplets, due to the extremely low interfacial tension between the two phases. The pressure between the two fluids does not provide enough shear force to cause the droplets to pinch. Instead, coflow is much more likely, where the liquids flow alongside each other in distinct streams [96] . This is typically addressed through the introduction of some other physical means of inducing droplet formation, such as piezoelectric bending discs [110, 111] , mechanical perturbation [112, 113] or extremely low flow rates [114] . For instance, Moon et al. [114] used hydrostatic pressure to achieve passive production of dextran-rich droplets within a PEG-rich continuous phase. By varying the inlet pressure, they could achieve control over the size of the droplets produced. Microfluidics has also been used to produce uniform droplets using associative phase-separated systems. Vanswaay et al. [115] accomplished this by preparing a bulk coacervate phase of poly(diallyldimethylammonium chloride) (PDDA) and ATP, separating it from the continuous rsfs.royalsocietypublishing.org Interface Focus 8: 20180032
phase and flowing the two through a flow-focusing PDMSbased device. While this is difficult with segregative phases (as discussed above), the high viscosity of the associative phases induces stretching along the length of the jet, leading to recoil and droplet separation that can be controlled through the flow rate of the two phases [116] . Interestingly, the complex coacervate droplets formed by Vanswaay et al. did not coalesce upon contact and were also able to maintain distinct populations of fluorescently tagged DNA oligomers over long times, despite their close proximity. This is in contrast with earlier studies using similar coacervates made without using microfluidics, which displayed exchange of labelled nucleic acid oligonucleotides between coacervate droplets within a population [117] . The ability to resist droplet fusion and diffusive solute exchange is potentially important when considering coacervate droplets as protocell models.
Phase-separated water-in-oil emulsion droplets
In the previous section, all of the systems discussed contained at least one macroscopic phase. Biological cells are inherently microscale, ranging from 0.5 ml for some oocytes down to less than a femtolitre for certain bacteria [118] . For biomolecules present at relatively low concentrations, the absolute number of molecules, and fluctuations in this number, can become important. Biological cells also have a much higher surface to volume ratio than bulk solutions, making the interactions between cytoplasmic components and membranes more common and more important than those between bulk artificial cytoplasms and the containers that hold them. W/o emulsions can be used to provide individual, diffusion-limited droplets that contain multiple internal phases with microscale total volumes, rendering the system closer to biological cells while at the same time conserving precious reagents (figure 5a). The oil phase formulations used for these emulsions are varied, ranging from mineral oil [119, 120, 123] and other hydrocarbons [124, 125] to fluorocarbons [121, 126, 127] . Choosing a specific oil base depends on a variety of factors, including viscosity, density and chemical characteristics. For instance, fluorinated oils are typically used in systems that contain hydrophobic components that would be sufficiently soluble in a hydrocarbon-based oil phase to hamper reactions [94, 128] . However, the interfacial tension between the aqueous phases and the oil phases are typically too high to produce stable droplets. Thus, surfactants are required. Surfactant selection is highly dependent upon the specific system, requiring consideration of the potential interactions between the surfactant and the encapsulated reagents. For example, non-ionic surfactants are typically used for encapsulating reactions containing charged species, as an ionic surfactant would interact with these and cause potentially detrimental effects. Because of the wide variety of available oils and surfactants, there is a large library of potential oil phase formulations, although fluorosurfactants are generally reserved for fluorinated oils [94] .
Multi-phase w/o droplets can be produced by simply mixing a small volume of aqueous solution with the oil and surfactant (e.g. vortexing). The aqueous solution may already contain coexisting aqueous phases or the phases can be formed after encapsulation (e.g. by changing the temperature). As an example, a PEG/dextran ATPS will easily emulsify into droplets within a continuous oil phase. More complex systems, e.g. a PEG/dextran/ficoll aqueous threephase system (A3PS), can also be produced in the same way, as shown in figure 5b [119] . This approach is very simple, but the resulting droplets can be heterogeneous in size and in relative aqueous phase volumes, with some droplets containing all of the phases while others encapsulate only one phase.
Microfluidic droplet generation can provide additional control to produce populations of nearly identical multiphase w/o droplets. The high interfacial tension between the aqueous and oil phases facilitates droplet formation, allowing for production of monodisperse droplets with controllable features [94, 129] . Microfluidic w/o emulsions have been used for many years in a variety of biological applications, including digital droplet polymerase chain reaction (ddPCR) [130, 131] , protein expression [119, 122] and cell sorting [132, 133] . In recent years, phase-separated solutions have begun to be used in the microfluidic creation of these emulsions as well, especially those using segregative phase separation, such as PEG/dextran ATPS [96, 121, 127, 132, 134] . Lee et al. studied the production of PEG/dextran containing droplets within a perfluorodecalin-based oil phase [121] . By controlling the flow rates of the produced droplets and the viscosity of the aqueous phases (via polymer concentration), the mixing of the two phases within the droplet could be influenced. At high flow rates (anywhere from approx. 1 mm s 21 to approx. 10 mm s
21
, depending on fluid viscosity), the dextran-rich phase within the droplets adopted a stretched morphology, as seen in figure 5c. This facilitates control over the interfacial area between the two phases, which is an important component in studying biological processes that have potentially different partitioning behaviour between the two phases.
Protein expression has been studied within ATPS w/o emulsion droplets produced both with and without microfluidics. Torre et al. [119] explored the expression of the fluorescent protein mYPet within PEG/dextran ATPS droplets. DNA encoding the protein was added to the ATPS with transcription/translation machinery before being added to a mineral oil phase containing the surfactants Span 80 and Tween 80. When the solution was vortex mixed, the ATPS was dispersed within the oil phase and stabilized by the surfactants. Upon incubation at 378C, fluorescence microscopy confirmed the production of mYPet, which partitioned into the dextran-rich phase (figure 5d ). Similarly, PEG/dextran ATPS has been used to explore the assembly of the bacterial cytoskeletal protein FtsZ, which is essential for cell division [120, 123] . Monterroso et al. [120] used a mineral oil phase containing dissolved E. coli lipids, which acted as a surfactant, as the continuous phase to disperse PEG/dextran droplets within. The lipids assemble at the interface of the droplet, modelling one leaflet of the cellular membrane, the in vivo location the FtsZ would typically assemble. Upon production, the FtsZ was observed to bind strongly to the lipid coating, as seen in figure 5e, similar to the behaviour of the protein within the cell. Following this study, Sobrinos-Sanguino et al. [123] produced these same droplets using microfluidics, yielding a monodisperse population of lipid-stabilized, FtsZ-containing droplets in oil.
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Sokolova et al. [122] used a microfluidic platform to produce w/o emulsion droplets with coexisting phases comprised E. coli cell lysate and PEG. Phase separation was achieved through dehydration of initially single-phase droplets containing cell lysate and PEG surrounded by a fluorinated oil phase. The droplets are immobilized in recessed wells, where they are in contact with a 15 mm PDMS membrane separating them from a constant flow of saturated salt solution. This induces osmotic dehydration of the droplets, reducing their volume and increasing the concentration of the cell lysate and PEG such that phase separation was induced. After developing this method of coacervate production, protein expression was carried out within the droplets, using a molecular beacon to observe mRNA production and the final product's fluorescence (green fluorescent protein). The transcription rates were found to be increased by a factor of 50 when compared with single-phase droplets (figure 5f ).
Segregative and associative systems have been incorporated in w/o emulsion droplets and have been demonstrated to support biologically relevant reactions within them. However, the requirement of (typically) nonbiological surfactants can limit their applicability to all systems, as this introduces an additional component with which the system of study can interact [94, 128] . Often, these interactions are detrimental, such as causing protein adsorption at the droplet interface or denaturation [135, 136] . Additionally, the presence of a large, non-polar continuous phase can cause issues with non-polar reagents. Typically, any required reaction materials will partition almost exclusively to the aqueous interior of the droplets. However, non-polar additives may be likely to dissolve into the oil phase, where it will be diluted and effectively unavailable for participation in reactions otherwise contained within the droplets. While these factors can limit the design of multiphase w/o emulsions in artificial cells, these issues can typically be addressed by careful selection of the oil and surfactant used.
Phase separation in giant vesicles
Cell-sized or 'giant' vesicles (GVs) with uniform interiors are often used as models for cellular membranes in artificial cells [44,137 -141] . In the ideal case, the GV membrane is only one bilayer of phospholipids, creating a giant unilamellar vesicle (GUV) (figure 6a). PEG/dextran ATPS have been encapsulated within GVs by gentle hydration and electroformation to form models cells that contain crowded, phase-separated aqueous interiors [44, 137, 142] . Gentle hydration is a traditional method for producing GVs [141, 145] . In this process, lipids are dissolved in an organic solvent before being dried on the surface of a container. Following this, the aqueous solution that is to be encapsulated is introduced. As the aqueous solution hydrates the lipid film, it peels off of the walls of the container, forming a variety of different structures, including GVs that are multi-lamellar and GUVs. Electroformation is also commonly used for vesicle production, and can give improved yields of unilamellar vesicles [143, 145, 146] . In this process, lipid hydration and liposome formation occur on the surface of electrodes due to application of an electric field. The parameters of the electric field depend on the specific mix of lipids used, as well as the solution chemistry [145, 146] . Incorporation of coexisting aqueous phases within vesicles prepared by either of these methods is performed by ensuring that the solution exists as a single phase during vesicle formation, by elevated temperature or reduced polymer concentration, for example. Phase-separation is subsequently induced by cooling and/ or osmotic concentration of vesicle contents (figure 6b) [44, 51, 142, 147, 148] .
Long et al. [142] reported yields for vesicles that contained both phases of about 50%, with about 40% of these being GUVs, while the rest had additional lipid lamella. These values were surprisingly high, given the poor encapsulation efficiency of macromolecules in vesicles prepared by gentle hydration and the fact that polymer concentrations used during vesicle growth were very close to the rsfs.royalsocietypublishing.org Interface Focus 8: 20180032
coexistence curve, such that modest dilution would render the system unable to phase separate even at low temperature.
Further studies on polymer encapsulation demonstrated that although at low concentrations, large macromolecules such as dextran 500 kDa are very poorly encapsulated, addition of higher total polymer concentrations (e.g. 3 wt/wt% PEG or dextran) resulted in crowding-induced polymer condensation [149, 150] . This increased the encapsulation amounts and vesicle-to-vesicle uniformity for the polymers themselves [149] and for various included biomolecules, such as fibrinogen and ssDNA [150] . Encapsulated proteins could be compartmentalized by partitioning into one of the phases or released throughout the artificial cell interior by undergoing a thermal phase transition such that the interior volume was mixed or phase-separated [142] . Changes in protein distribution between the intracellular compartments could be induced by changing the protein conformation. Dominak et al. [151] demonstrated that acid-or base-denatured proteins accumulated in the PEG-rich phase of PEG/dextran ATPS-containing GVs, while the native globular form of these proteins partitioned into the dextran-rich phase. Changes in the external pH could be used to induce protein conformational changes and re-localization between the phases.
The lipid bilayer is permeable to water but not osmolytes such as sucrose or glucose; hence, the interior volume of the GVs can be controlled via the concentration of osmolytes in the external solution. When GVs containing phase-separated solutions are placed under osmotic pressure, they begin to shrink. This concentrates the encapsulated polymers, increasing the interfacial tension at the aqueous/aqueous boundary between encapsulated phases, while at the same time providing excess membrane area. Together, these effects drive GV budding, which minimizes the contact area between the interior phases [152, 153] . In the resulting budded structures, the 'bud' and 'body' regions of the GV contain different polymer-rich phases, complete with partitioned solutes, such as proteins [152] . When coexisting lipid phase domains are also present, interactions between the lipid headgroups and the interior phases determine the wetting of the two-dimensional lipid phase domains on the three-dimensional interior aqueous domains. For instance, when PEGylated lipids are present at higher concentration in the liquidordered membrane domains, these domains preferentially wet the PEG-rich interior phase of PEG/dextran droplets, leaving the non-PEGylated lipids to wet the dextran-rich phase [154] . This was visualized by Andes-Koback & Keating through the inclusion of fluorescently labelled soyabean agglutinin, which accumulated within the dextran-rich phase of the budded droplet surrounded by the nonPEGylated lipid domain (figure 6c). In this way, simple artificial cells can be produced in which both the interior cytoplasm mimic and the encapsulating membrane are polarized, with different molecular composition at the two ends of the budded vesicle structure. Further osmotic deflation can lead to complete budding and enable asymmetric fission of rsfs.royalsocietypublishing.org Interface Focus 8: 20180032 droplets, with one daughter vesicle containing the PEG-rich phase surrounded by PEGylated lipids and the other with the dextran-rich phase surrounded by non-PEGylated lipids [144] . As before, the daughter droplets maintain the partitioning behaviour of the original GV. This mimics via simple physical -chemical principles the asymmetric division of living cells [155, 156] . While extant cells have complex and highly evolved systems for controlling division that rely on many specific proteins, the general concept of asymmetric fission would have been important early in cellular history and studies such as these using only very simple components can point to potential mechanisms for protocell division. The osmotic manipulation of these GVs has also been used in the production of internal lipid structures within phase-separated droplets. Li et al. created droplets of a single-phase PEG/dextran solution within lipid vesicles produced via electroformation [157] . Upon addition of a hypertonic sucrose solution, the vesicles deflated, shrinking the droplet volume and inducing phase separation (in progress in figure 6d(i) , complete in figure 6d(ii) ). With the resulting excess membrane surface area/vesicle volume, lipid nanotubes formed and extended into the interior of the vesicle, as marked by arrowheads in figure 6d(i,ii) . These nanotubes assembled at the interface between the PEG-rich and dextran-rich phases, forming a mesh of lipid nanotubes ( figure 6d(iii,iv) ). As additional nanotubes formed beyond the capacity of the aqueous/aqueous interface, they began reaching vertically into the PEG-rich phase. The formation of these lipid nanotubes from the surface lipid membranes of a phase-separated system has been studied extensively by Dimova & Lipowsky [148, 158] . Additionally, the wetting characteristics of the surface membrane has been explored, where the increase in total polymer concentration leads to changes in the wetting behaviour of the interior aqueous phases with the surrounding lipid membrane [147] . The inherent contact angle at the point where the PEG-rich phase, dextran-rich phase and continuous phase meet was found to be a material parameter of the droplet (i.e. dependent on polymer composition and not droplet morphology) [159] .
Combining phase-separated interiors with microfluidic vesicle generation is an important step towards production of homogeneous populations of compartmentalized artificial cells with interior compartments that are uniform in both composition and relative volumes [160, 161] . This has been done via a w/o-in-water double emulsion approach [71, 162, 163] . In such systems, the intermediate oil phase contains dissolved phospholipids. After the droplets are formed, the oil phase is removed, leaving the dissolved phospholipids to assemble at the aqueous -aqueous interface. This occurs either by evaporation of volatile organic components, such as toluene and chloroform [71, 163] , or by the physical removal of the oil phase as the vesicles flow through the device [162] . This process leaves liposome-enclosed aqueous droplets contained within an aqueous continuous phase. Deng & Huck [71] produced coacervate-containing GUVs by first forming a stream of very small coacervate droplets via flowing a solution of polylysine into an ATP solution. This was then passed through an oil phase with dissolved phospholipids before finally meeting an additional aqueous phase. The coacervates within the droplets coalesced while the oil phase de-wet the droplets, leaving a liposome coating. This resulted in a monodisperse population of aqueous liposomes, each of which contained a nearly identical coacervate droplet (this process is shown in figure 6e ) [71] . These individual artificial cells could be manipulated in the same way that larger, non-encapsulated coacervates could be, including controlled release and storage of DNA through temperature-induced dissolution and reformation. Transcription was also carried out within these phase-separated structures, as previously explored in other systems [71] . This method of producing lipid-encapsulated droplets with individual coacervates represents a means of creating artificial cells with multiple aspects of mimicry, including phase separation, phospholipid bilayer and controllable reaction dynamics.
While the use of GVs as a means of encapsulation of phase-separated solutions represents the inclusion of an additional critical feature of living cells in cellular mimics, the reliable and uniform production of these droplets remains non-trivial. Although gentle hydration and electroformation are easily implemented within the laboratory setting, the GVs produced are heterogeneous. Microfluidic approaches address this by creating uniform GVs with controllable content, but require fabrication of the microfluidic device itself, as well as the introduction of additional components such as a possibly incompatible oil phase. Continuing advances in encapsulation strategies will benefit the production and study of increasingly complex artificial cells.
Lipid vesicle stabilization of phase-separated droplets
Although lipid bilayer membranes are an important step towards faithful mimics of biological cells, these structures pose certain challenges in artificial cell production and functionality. For example, it can be challenging to produce monodisperse populations of GVs with predetermined and uniform contents, particularly when this interior volume consists of concentrated, complex mixtures of macromolecules. Once formed, the lipid bilayer membrane is impermeable to most solutes, complicating the use of GVs for reactions in which substrate entry and product egress from the artificial cell is needed. To address these challenges, liposome-stabilized all-aqueous emulsion droplets have been introduced. These structures are Pickering-type emulsions in which large unilamellar lipid vesicles (LUVs, approx. 100 nm in diameter) are used to stabilize the aqueous-aqueous interface, preventing droplet coalescence without serving as a barrier to entry/egress of molecules up to the size of proteins or nucleic acids (figure 7a). The interface-stabilizing LUVs (or SUVs) are prepared by lipid hydration in an osmotically matched solution, extrusion through a membrane to produce the desired vesicle size, and then addition to a phase-separated solution [145] . The lipid vesicles assemble at the interface between the aqueous phases, stabilizing the smaller volume dispersed phase within the larger continuous phase. For example, figure 7b shows rhodamine-labelled vesicles (in red) assembled at the interface between an interior dextran-rich phase (labelled green) and an external PEG-rich phase, explored by Dewey et al. [164] . Owing to very low solubility of the PEGylated, negatively charged LUVs in both phases of the ATPS, it was possible to control droplet size by changing the number of vesicles added. The addition of more liposomes rsfs.royalsocietypublishing.org Interface Focus 8: 20180032
led to smaller droplets due to the ability to stabilize more interfacial area between the two phases. Interfacial area stabilized per liposome was greater than could be explained by a close-packed monolayer of LUVs, indicating that the vesicle corona was a submonolayer. Increasing ionic strength resulted in higher LUV packing density due to screening of electrostatic repulsions between LUVs, and reduced the availability of the lipids to stabilize the interface, leading to larger droplets and eventually destabilization [164] . Interestingly, fluorescence recovery after photobleaching (FRAP) experiments demonstrated that the lipid vesicles at the interface of these droplets do not freely diffuse on the surface of the droplets [67, 164] . This has been observed in Pickering emulsions, where the high density of individual particles (or vesicles, in this case) does not allow for motion past one another [165] . Here, jamming appears to be due to the electrostatic repulsions between interfacial LUVs rather than to their absolute packing density. Dynamic light scattering measurements show constant liposome size after release of LUVs by phase dissolution, indicating that the liposomes do not undergo coalescence or formation of lipid aggregates while at the interface.
The permeability of the liposome coating can be taken advantage of to incorporate relevant biomolecules within the droplets after their formation. For instance, when DNA within a PEG-rich solution is added to a solution of liposome-stabilized dextran-rich droplets, the DNA diffuses into the droplets, where it accumulates due to its strong partitioning into this phase [164] . Reactions can be initiated within droplets after their formation by addition of reagents or biocatalysts to the external solution [138, 164] . For example, a hammerhead ribozyme cleavage reaction was explored by Dewey et al. [164] within this system using Fö rster resonance energy transfer. The presence of the liposome coating was found to have essentially no effect on the reaction rate, despite initiating the reaction through the addition of RNA to the continuous phase, from which it passes the liposome layer to enter the dextran-rich phase for reaction. These structures have also been used as artificial mineralizing vesicles for biomimetic mineralization where post-formation addition of reagents was again used [138] . Specifically, the production of solid calcium carbonate (CaCO 3 ) within droplets has been accomplished by harnessing the partitioning behaviour of the PEG/dextran ATPS. Solid CaCO 3 is formed upon the hydrolysis of urea by urease, which produces the carbonate anion ðCO 2À 3 Þ, in the presence of calcium (Ca 2þ ). Mineralization was restricted to the interior, dextran-rich phase due to preferential urease partitioning to this phase, such that when the reaction was initiated by adding urea to the continuous phase, carbonate was produced locally within the LUV-coated droplets [138] . and the LUV lipid headgroups while allowing CaCO 3 precipitation. The CaCO 3 that forms is contained within the droplets, as shown in figure 7c , and can be released for further analysis by diluting the system with water or buffer to dissolve the phases and release the liposomes [138] . Complex coacervates formed from RNA ( polyuridylic acid) and polyamines (spermine and spermidine) have also been coated with LUVs [67] . In addition to exploring the physical properties and compartmentalization of these coacervate droplets, this study also prepared RNA-based coacervates before adding SUVs (approx. 90 nm diameter) as described above. The SUVs assembled at the interface of the coacervate droplets and the continuous phase, as seen in figure 7d. Similar to the segregative phase systems described above, FRAP showed that the vesicles were not mobile. It must be noted, however, that the addition of charged components (such as the polyelectrolytes within a complex coacervate) can have detrimental effects upon the ability of lipid vesicles to stabilize droplets. The presence of excess positively charged spermine within the RNA-based coacervates described above caused a decrease in the effectiveness of the SUV coating to prevent coacervate droplet coalescence [67] . This is likely to be due to the polycation interacting with the negatively charged lipid vesicles, reducing the electrostatic component of their stabilization, similar to the effect of free Ca 2þ in biomineralization trials [138] . Despite the reduced stability of these structures, they nonetheless provide a permeable, lipid membrane-like coating on the crowded coacervate interior. Additionally, the ease with which lipid assemblies accumulate at the aqueous/aqueous interface of segregative or associative phase systems suggests that the surfaces of intracellular membraneless organelles could be expected to be sites for self-assembly of lipid structures or other particulates. The designation of intracellular organelles as 'membraneless' is sometimes determined by their ability to exchange contents with the external environment, indicating the absence of an intact bilayer membrane. However, this could still be consistent with the presence of self-assembled particulates that do not impose limits on permeability [166] [167] [168] . The general process of using molecular self-assembly of lipids at phase-separated aqueous-aqueous interfaces has also been previously explored through the use of the fatty acids [169] . Tang et al. [169] described the formation of oleic acid-based membranes around RNA/protein coacervates through the addition of sodium oleate. Upon introduction, lipid-soluble dye within the coacervate droplets localized at the surface, indicating the formation of an oleic acid membrane. SAXS experiments and fluorescence imaging indicated that the membrane that formed at the coacervate interface was multi-lamellar. Notably, the concentration of sodium oleate added was below its critical micelle concentration, indicating that the formation of the self-assembly was due to the presence of the coacervates and not the oleic acid itself. Although the membrane within this system is not a single bilayer, it is unbroken, semipermeable and negatively charged. These structures could be a stepping-stone to protocell formation in a prebiotic scenario where coacervate droplets serve to compartmentalize organic molecules and the semipermeable lipid coating provides a primitive version of a cell membrane.
Conclusion
Combining aqueous/aqueous phase separation within artificial cells gives researchers a great many opportunities to manipulate the chemical and physical aspects of biological mimics. Recent developments in this field have worked towards experimentally capturing simpler versions of the various forms of phase separation found within living systems, including the use of both segregative and associative phase rsfs.royalsocietypublishing.org Interface Focus 8: 20180032
separation. The aspects of these systems that make them beneficial within the cell, such as passive localization and increased local concentration, have been experimentally replicated within these mimics and used to facilitate biological reactions.
However, more work is currently underway to further expand the field of phase-separated artificial cells and to combine these methods of forming phase-separated artificial cells with other existing models of cellular structure and function. For instance, recent work has explored the combination of associative phase separation within crowded solutions, more accurately recreating the environment under which coacervation may occur within cells [72] . The characteristics of polyuridylic acid/spermine coacervates were found to be dependent upon both the presence of macromolecular crowding and the identity of the crowding agent. Additional exploration is being undertaken in the effort to mimic the membranes [3, 170, 171] , chemical pathways [172 -174] and replication of living cells [175 -178] , as well.
To date, the LLPS systems used in cellular mimics have largely been chosen for ease of incorporation. For example, systems able to undergo a phase transition can be encapsulated within vesicles or droplets more easily and hence are overrepresented in this literature. Looking forward, it is additionally becoming apparent that the chemical make-up of the LLPS systems plays an important role in the physical, chemical and biochemical properties of these compartments. Non-biological polymers (such as PEG, polyallylamine and PAA, for instance) have long been used in phase separation studies; however, biopolymers such as proteins and nucleic acids can be used as well. Much effort is currently underway in order to better understand the effects of the chemical natures of these molecules (such as the length, charge density, and periodicity of biological or non-biological polyelectrolytes, or the amino acid sequence of intrinsically disordered proteins) [45, 87, 179] . As more is learned about the relationship between chemical structure and phase properties (e.g. polarity, viscosity, partitioning characteristics, crowding, etc.), molecular components can be chosen on the basis of their desired properties for a particular type of cellular mimic.
Microfluidics provides a powerful tool to help address persistent issues with multi-phase artificial cell production, such as polydispersity of droplet populations and lack of control over droplet morphology (e.g. relative phase volumes). Recent developments have expanded the capabilities of microfluidic techniques with respect to biomimicry and biocompatibility, such as their use in the formation of lipid membranes around droplets [71, 162, 163] . However, it must be considered that microfluidics requires specialized materials and techniques, presenting a barrier to newcomers in mastering these approaches. Once operational, though, microfluidics gives the opportunity for fast and efficient experimentation with artificial cells and offers tremendous promise for continued advances in artificial cell complexity and functionality.
The use of lipid vesicles in the stabilization of phaseseparated artificial cells represents a middle ground between faithful reproduction of cellular properties and control over fabrication. These systems exhibit many of the characteristics of a true phospholipid bilayer, such as semipermeability, negative charge and prevention of coalescence. However, they can be created without the risk of heterogeneous coatings or aggregates, as well as without requiring microfluidics. Because of this, phase-separated lipid-stabilized systems function as an appealing template upon which to structure the study of artificial cells.
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